Motivated by the recent observation of the orbital excitation B(5970) by the CDF Collaboration, we have performed a systematic study of the mass spectrum and strong decay patterns of the higher B and B s mesons. Hopefully the present investigation may provide valuable clues to further experimental exploration of these intriguing excited heavy mesons.
available experimental data and other theoretical results. In Sec. III, we discuss the two-body strong decay behavior of the higher bottom and bottom-strange mesons. The last section is devoted to the discussion and Conclusion.
II. THE MASS SPECTRUM
We first calculate the mass spectrum of the higher bottom and bottom-strange mesons in the framework of the relativistic quark model [25] , where the total HamiltonianH 1 describes the interaction between quark and anti-quark in the mesoñ is the spinorbit term which can be decomposed into the symmetric part H so (12) and the antisymmetric partH so [12] . In addition,H hyp 12 is the sum of the tensor and contact terms, i.e., 
The concrete forms of these terms can be found in Appendix A of Ref. [25] .
In the bases |n 2S +1 L J , the antisymmetric part of the spinorbit termH so [12] and the tensor termH tensor 12 have nonvanishing off-diagonal elements, which result in the mixing of the states with quantum numbers 3 L J and 1 L J or with 3 L J and 3 (L ± 2) J . Thus, the total HamiltonianH 1 can be divided into two parts in this bases, which include the diagonal part H diag and offdiagonal part H off with the form H off =H so [12] + H tensor 12 off ,
where H tensor 12 off denotes the off-diagonal parts ofH tensor 12 . In the following, we first diagonalize H diag in the simple harmonic oscillator bases and obtain the eigenvalues and eigenvectors corresponding to the wave function of the meson. One also needs to diagonalize the off-diagonal part H off in the bases |n 2S +1 L J , which is treated as the perturbative term. We neglect the perturbative term H off in the present calculation.
The free parameters of the adopted relativistic quark model are listed in Table II of Ref. [25] , which include the quark masses and the coefficients in the effective potential. Here, we list the quark masses m u = m d = 220 MeV, m b = 4977 MeV, m s = 419 MeV, (4) which are also applied in the following two-body strong decay calculation.
With the above preparation, we obtain the mass spectra of the bottom and bottom-strange meson families as shown in Fig. I , where the masses of the 1S , 2S , 3S , 1P, 2P, 1D, 2D, and 1F states are given. Godfrey et al. calculated the mass spectrum of some of the bottom and bottom-strange mesons long ago [25] . We also notice that there exist predictions of the mass spectra of the bottom and bottom-strange mesons using other theoretical models. For example, Ebert et al. adopted the relativistic quark model based on the quasipotential approach [26] while the authors of Ref. [27] used the relativistic quark model with the Dirac Hamiltonian potential, where the correction of 1/m b in the potential is also included. In addition, in Refs. [28, 29] the masses of the radial excitations of D/D s /B/B s were predicted, which are comparable with the corresponding results listed in Table I .
In Fig. 1 and Table I , we list our results of the mass spectra of the bottom and bottom-strange meson families, the results from other groups, and compare them with the experimental data.
Until now, there has been only some limited experimental information on the low-lying bottom and bottom-strange mesons, which are shown in the fifth and ninth columns. The theoretical results can reproduce these experimental data well. When comparing our results with those given by Refs. [26, 27] , we notice that the discrepancy of the values of the mass from different models is about 50 MeV for the 2S , 3S , and 1D states, while the mass difference for the 1F, 2P and 2D states from different model calculations may reach up to about 100 ∼ 200 MeV. Thus, we will consider the mass dependence of the strong decay width of the higher bottom and bottom-strange mesons, which will be discussed in the next section. In the following, we will employ our numerical results to study the two-body strong decay behavior of these higher bottom and bottom-strange mesons.
III. TWO-BODY STRONG DECAY BEHAVIOR
In this work, we will study the two-body strong decay of the higher bottom and bottom-strange mesons allowed by the Okubo-Zweig-Iizuka (OZI) rule, where the quark pair creation (QPC) model is adopted in our calculation.
The QPC model [31] [32] [33] [34] [35] [36] [37] is an effective approach to study the strong decay of hadrons, which has been widely applied to study the decay behaviors of the newly observed hadron states [38] [39] [40] [41] [42] [43] [44] [45] . In the QPC model, the meson OZI-allowed decay occurs via the creation of a quark-antiquark pair from the vacuum. The created quark-antiquark pair is a flavor and color singlet with the vacuum quantum number J PC = 0 ++ . 5200 5400 5600 5800 6000 6200 6400 6600 
2 3 S1
3 3 S1
Bottom strange meson
FIG. 1: (color online)
. The comparison of the mass spectrum of bottom and bottom-strange meson calculated by the relativistic quark model (see Table I for the concrete values) with the experimental data [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
The transition operator T is written as [46] T = −3γ
where the flavor and color wave functions have the forms φ −m) . γ denotes the model parameter, which describes the strength of the quark-antiquark pair creation from the vacuum. In our calculation, the γ value is chosen to be 6.3 and 6.3/ √ 3 for the creations of u/d quark and s quark [41] , respectively.
The helicity amplitude
which can be further expressed as the product of the flavor, spin and spatial matrix elements, where the calculation of the [30] and other theoretical results [26, 27] . In the second and sixth columns, the values listed in the brackets are the β values in the simple harmonic oscillator (SHO) wave function, which will be adopted in studying the strong decays of these higher bottom and bottom-strange mesons. Here, the β value in the SHO wave function is obtained by reproducing the realistic root-mean-square (rms) radius given by this work. In addition, we want to emphasize that the results from Refs. [26, 27] consider the mixing of the states with the same J P quantum number. spatial matrix element is the most crucial part in the whole QPC calculation (see [46] for more details). In order to obtain the spatial matrix element, we adopt the mock state to describe the mesons [47] . In our calculation, the spatial radial wave function of the meson is represented by a SHO wave function [46] with a parameter β. The β values in the SHO wave functions are determined by reproducing the rms radius of the corresponding states calculated in the relativistic quark model. In Table I , we list these adopted β values for the bottom and bottom-strange mesons discussed. Converting the helicity amplitude M M J A M J B M J C (K) to the partial wave amplitude M S L (|K|) through the Jacob-Wick formula [48] , we get
Finally, the decay width relevant to the partial wave amplitude is
where M A is the mass of the initial meson A. We take the experimental mass as input if the corresponding decay involves the observed state. Otherwise, we take the predicted mass from the relativistic quark mode in Table I when studying the strong decay of the bottom and bottom-strange mesons.
In the following subsections, we illustrate the OZI-allowed strong decay behaviors of the bottom and bottom-strange mesons in detail. We use B and B s to represent bottom and bottom-strange mesons, respectively. [23] , which is consistent with our result.
The two J P = 1 + states are the mixture of the 1 1 P 1 and
where θ 1P denotes the mixing angle. In general, in the heavy quark limit one has θ 1P = −54.7
• [49] . However, the obtained θ 1P value deviates from this ideal value when the heavy quark mass is finite in the case of the bottom and bottom-strange mesons. We will discuss this issue later.
In heavy quark effective theory, the heavy-light meson system can be categorized into different doublets by the angular momentum of the light component j ℓ , which is a good quantum number in the limit of m Q → ∞. There are two 1 + states in the (0 + , 1 + ) and (1 + , 2 + ) P-wave doublets, which correspond to j ℓ = 1/2 + and j ℓ = 3/2 + , respectively. We can easily distinguish these two 1 + states; i.e., the 1 + state in the (0 [20] studied the orbitally excited B mesons by using the full CDF Run II data sample. Besides confirming B 1 (5721), CDF reported the width of B 1 (5721) for the first time, where the measured width is 20 ± 2 ± 5 MeV and 42 ± 11 ± 13 MeV for the neutral and charged B 1 (5721) states [20] , respectively. Since B 1 (5721) has a narrow width, B 1 (5721) is a good candidate of the 1P ′ (1 + ) state in the B meson family. • and the comparison with the CDF data [20] . Here, the vertical dashed line in (a) corresponds to the ideal mixing angle θ 1P = −54.7
• .
For B 1 (5721), its dominant decay is B * π. With the QPC model, we calculate B 1 (5721) 0 → B * π. In Fig. 2 , the dependence of the calculated width of B 1 (5721) 0 on the mixing angle θ 1P is given. If taking the ideal value θ 1P = −54.7
• , the corresponding width of B 1 (5721) 0 is 1.8 MeV, which is far smaller than the experimental data. We find that the calculated width of B 1 (5721) 0 overlaps with the experimental value when θ 1P is in the range of (−77
• ∼ −70 MeV and Γ(B * [16] . In Ref. [20] , CDF again carried out the study of B * 2 (5747). The mass and width are M = 5736.6 ± 1.2 ± 1.2 ± 0.2/5737.1 ± 1.1 ± 0.9 ± 0.2 MeV and Γ = 26 ± 3 ± 3/17 ± 6 ± 8 MeV, respectively for the neutral/charged B * 2 (5747) states [20] . (5747) 0 is smaller than the experimental central value [16, 20] . As shown in Refs. [16, 20] , there exist large experimental errors for the measured width of B * 2 (5747). Thus, further experimental measurement of the resonance parameter of B * 2 (5747) will be helpful to clarify this difference. In addition, we also obtain the ratio
which is consistent with the experimental value 1.10 ± 0.42 ± 0.31 [15] . For the 2P states in the B meson family, more decay channels are open. However, there has been no experimental observation up to now. We list our predictions of the partial and total decay widths in Table II 
where θ 2P denotes the mixing angle. The allowed decay modes of B(2P(1 + )) and B(2P ′ (1 + )) are shown in Table II . We obtain the total and partial decay widths of B(2P(1 + )) and B(2P ′ (1 + )), which depend on the mixing angle θ 2P (see Fig. 3 for details) . Since the experimental information of B(2P(1 + )) and B(2P ′ (1 + )) is absent, in the following discussion we take the typical value θ 2P = −54.7
• . We find that the total decay width of B(2P(1 πB(1P(1 + )). In addition, the other decay modes of B(2P(1 + )) and B(2P ′ (1 + )) are also presented in Fig. 3 .
2S and 3S states
Very recently, the CDF Collaboration reported the evidence of a new resonance B(5970) in analyzing both B 0 π + and B + π − mass distributions [20] . The mass and width of B(5970) are
which correspond to the neutral and charged B(5970), respectively. The comparison of the mass of B(5970) and the mass spectrum in Table I The decay behaviors of 1D and 2D states are given in Table IV, where we first list the allowed decay channels for the 
FIG. 4: (color online). The dependence of the decay behavior of B(1D(2 − )) (the first column) and B(1D
with n = 1, 2.
In Fig. 4 , we present the dependence of the partial and total decay widths of B(1D(2 − )) and B(1D ′ (2 − )) on the mixing angle θ 1D . In the heavy quark limit, the mixing angle θ 1D = −50.8
• was given in Ref. [49] . πB(1 3 P 2 ) and πB * are the dominant decays for B(1D(2 − )) while ρB, πB * , and ωB are the main contribution to the width of B(1D ′ (2 − )). The QPC calculation further indicates that the total width of B(1D(2 − )) is quite broad. Compared with the total decay width of B(1D(2 − )), the total decay width of B(1D ′ (2 − )) is narrow. Here, we need to specify that the above conclusion is obtained with the typical value θ 1D = −50.8
• . The decay behaviors of the partial decay widths of B(2D(2 − )) and B(2D ′ (2 − )) depend on the concrete value of θ 1D (see Fig. 4 for more details).
The variation of the total and partial decay widths of B(2D(2 − )) and B(2D ′ (2 − )) with θ 2D is shown in Fig. 5 , from which we can obtain the main and subordinate decays of these two states. The total widths of B(2D(2 − )) and B(2D ′ (2 − )) are 112 and 40 MeV, respectively, corresponding to θ 2D = −50.8
1F states
There are four 1F states. Their decay pattern is listed in Table V 
with θ 1F =−49.1 • determined in heavy quark limit [26] . In Fig.  6 , the θ 1F dependence of the partial and total decay widths of B(1F(3 + )) and B(1F ′ (3 + )) is presented. If we take the typical value θ 1F =−49.1
• , we notice that B(1F(3 + )) is a quite broad resonance. From Fig. 6 , we can easily distinguish the main decay mode among all allowed decay channels, and we can distinguish which channel is valuable to further experimental search of the 1F state in the B meson family. [19, 20] . However, the obtained ratio
is in good agreement with the experimental measurement • and the comparison with the CDF data [20] . Here, the vertical dashed line in (a) corresponds to the ideal mixing angle θ 1P = −54.7
• . 
CDF [17] 5829.4 ± 0.7 MeV -
CDF [17] 5839.6 ± 0.7 -
LHCb [19] 5839.99 ± 0.05 ± 0.11 ± 0.17 1.56 ± 0.13 ± 0.47
given by LHCb [19] and CDF [20] , as shown in 7 ). When the mixing angle is taken as θ 1P = −60.5
• ∼ −57.5 Table VIII ). According to the numerical results in Table VIII , we conclude:
• B s (2 1 S 0 ) dominantly decays into KB * . The contribution from ηB s (0 + ) is negligible.
• KB * and KB are the two main decays of B s (2 3 S 1 ). The contribution from both ηB * s and ηB s (0 + ) decay modes is quite small.
• As the radial excitation of B s ( Table IX for more details). (12), in Figs. 9 and 10 we thus show the variation of their partial and total decay widths with θ 1D /θ 2D . With the typical θ 1D = θ 2D = −50.8
As the mixed states
• , we have the following observations:
The variation of the partial width B s (1D(2 − ))/B s (1D ′ (2 − )) → KB * with the mixing angle is very similar to that of the total decay width (see Fig. 9 ).
• B s (2D(2 − )) is broad and mainly decays into KB * , KB ( ble with the partial decay width of B s (2D
E. 1F states
The decay behavior of the four 1F states is presented in Table X and Fig. 11. • B s (1 3 F 2 ) is a very broad resonance. Its total decay width can reach up to 319 MeV. The branching ratio of the KB(1P ′ (1 + )) mode is around 50%. The other important decay modes are K ( * ) B ( * ) and KB(1 3 P 2 ).
• B s (1 3 F 4 ) → K * B * dominates the total decay width of B s (1 3 F 4 ).
• The total and partial decay widths of B s (1F(3 + )) and B s (1F ′ (3 + )) are dependent on the mixing angle θ 1F in Eq. (13). In Fig. 11 , the main and subordinate decay modes are given for B s (1F(3 + )) and B s (1F ′ (3 + )). In the above discussions, we take the predicted mass values of these higher B and B s meson families as input. However, the uncertainty of the calculated masses sometimes is around (50 ∼ 200) MeV from various theoretical models. Therefore, when predicting the decay behavior of these higher B and B s mesons, we also study the variations of their decay behavior with the mass of the parent state, which is illustrated in Fig.  12 .
IV. SUMMARY
Inspired by the recent experimental observation of the orbital excitation B(5970) for the first time by CDF Collaboration [20] , we have carried out a systematic study of the higher B and B s mesons. We have calculated both the masses of the higher B and B s mesons and their OZI-allowed two-body strong decay patterns. At present, the status of studying B and B s mesons is very similar to that of the D and D s mesons in 2003. In the past several years, CDF, D0, and LHCb Collaborations have played a very important role in the study of the radial and orbital excitations of the B and B s meson families. The higher radial and orbital excitations of the B and B s mesons begin to emerge in experiment. In the coming years, LHCb has the potential to discover more and more excited B and B s mesons. Hopefully our present investigation will be helpful to future experimental searchs for these interesting heavy mesons. 
